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Eliminations of alkanes consisting of the side chain plus a hydrogen from ionized alkylcy- 
cloalkanes are unusually abundant among such processes. For example, ethane is eliminated 
from ionized ethylcyclopentane more than 10 times more often than it is from its acyclic 
isomers. To explore why, we characterized the eliminations of ethane from ionized ethylcy- 
clopentane and of butane, 2-methylpropane, and cyclohexane from isomeric butylcyclohexane 
ions. We hypothesized that one reason these alkane eliminations are particularly favored is 
that the p,artners in the complex do not readily escape from reactive configurations. Supporting 
this, hydrogens are transferred to butyl partners from around cyclohexyl rings, demonstrating 
that the partners in cycloalkyl-containing complexes do react with each other through several 
configurations. A very prominent cyclohexane elimination from ionized tert-butylcyclohexane 
demonstrates that alkane elimination is abundant no matter which partner in the intermediate 
ion-neutral complex bears the charge. C4Hsf’ is the dominant dissociation product of ionized 
fert-butylcyclohexane, even though the formation of the cyclohexene ion plus 2-methylpro- 
pane is thermochemically favored, a highly unusual ordering among mass spectral fragmen- 
tations. This is attributed to H-atom transfer from a tert-butyl ion to a cyclohexyl radical being 
preferred over transfer of hydride in the opposite direction. The effect of energy on the 
magnitude of alkane eliminations and the associated simple dissociations was elucidated 
utilizing photoionization mass spectrometry. Appearance energies show that forces of 
attraction between the partners are less than 30 kJ mol-I, no stronger than when both partners 
are acyclic. However, the shapes of photoionization efficiency curves demonstrate that these 
alkane eliminations are significant over a wide energy range, in contrast to most other alkane 
eliminations. Thus, ionized cycloalkanes generate unusually stable ion-neutral complexes; this 
is probably the reason alkane eliminations through them are so abundant. Alkane eliminations 
from acyclic alkane ions are also very abundant, suggesting that ion-neutral complexes formed 
from alkylcycloalkane and alkane ions have a common feature which makes energy relatively 
ineffective in driving the partners apart. (J Am Sot Mass Spectrom 1998,9, 21-28) 0 1998 
American Society for Mass Spectrometry 
0 
ver the past two decades much attention has 
been paid to a unique type of chemical reaction, 
ion-neutral complex-mediated dissociations of 
ions in the gas phase [l]. Ab initio [2] and experimental 
[3] studies have established that ion-neutral complex- 
mediated reactions include alkane eliminations. Infor- 
mation regarding interactions between partners in com- 
plexes is provided by experiments on these eliminations 
[4]. Differences between appearance energies (AEs) for 
alkane eliminations and alkyl losses from small ionized 
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ketones and ethers indicate binding energies of up to 
several tens of kJ mol-l between alkyl radicals and ions 
in complexes [4a-c]. Furthermore, with increasing en- 
ergy the partners part company faster than hydrogen 
can be transferred between them, confining many al- 
kane eliminations to a few tens of kJ mol-’ eV above the 
threshold for the associated simple dissociation [2a, 
4a-d]. 
In contrast to their generally low levels, alkane 
eliminations from ionized alkylcyclopentanes and alky- 
lcyclohexanes are substantial processes [5]. For exam- 
ple, the -C,H,/-C,H, ratio in the normal mass spec- 
trum of ethylcyclopentane (E) is 0.73, with those 
products giving the third most and the most intense 
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Table 1. Properties of dissociations of ionized ethylcyclopentane and 3-heptene 
C,H;’ + C,H, C,H,+ + C,H, 
Precursor Abundancea AH,(productsjb AE” Abundance” AH,(productsjb AE” 
I 7 
(CH,)CH,CH2CH,(CH)CH2CH, (E) 73 821 995 (923) 100 919 1005 (1021) 
CH3CH,CH=CHCH,CH,CH3 (H) 3.5 821 966 (867) 100 928 968 (974) 
‘At 70 eV from ref 5. 
‘From ref 10. Values are in kJ mol-‘. 
‘The first AE values are measured ones and the values in parentheses are AEs predicted from available heats of formation in combination with a 
correction factor for thermal energy content estimated to be approximately 25 kJ mol-‘. The correction is based on the formula AE,(A+) = AHF,(A+) 
+ A@JB) - iLeT - AH,,,, [7]. A,‘/? neutral precursors: E - 127 kJ mol-‘, H - 71 kJ mol-‘. 
peaks in the spectrum. The corresponding ratio for 
3-heptene is 0.06 and that in the spectra of other C,H,, 
olefins with large ethyl losses is in the range 0.03-0.05 
[5]. Thus there appears to be an unusual stability to 
cycloalkyl-(alkyl complexes. To obtain insight into why 
alkyl eliminations from ionized cycloalkanes are unusu- 
ally abundant, we studied alkane eliminations from E 
(the presulmed complex-mediated pathway is illus- 
trated in Scheme I) and several isomeric butylcyclohex- 
ane ions, results of which we present here. 
A+. ------, [b .-I -[b ..-. “‘-I 
\ +. + CH,CH, 0 
Results and Discussion 
Eliminations of Efhane fvom Ionized 
Efhylcyclopenfane and Trans3-heptene 
Most alkane eliminations from functional group-con- 
taining ions examined previously do not occur more 
than 30-40 kJ mole1 above their thresholds, a property 
attributed to excess energy driving the partners apart 
faster than they can react with each other [lb, 2a, 4a, b, 
61. A reduced ability of excess energy to displace 
partners from a reacting configuration would allow 
alkane eli:minations from complexes containing cyclic 
partners to occur over a wider energy range and be 
more prominent. Therefore to evaluate whether alkane 
eliminations from ionized alkylcycloalkanes are abun- 
dant because they are exceptions to the generalization 
[lb] that alkane eliminations are important only over 
narrow energy ranges near threshold, we determined 
photoionization efficiency (PIE) curves [7] for ethyl and 
ethane losses from E and the isomeric truns-3-heptene 
ion (H). Ion abundances, product heats of formation 
and AEs for the losses of ethyl and ethane from E and H 
are given in Table 1. H was selected as an isomeric 
acyclic control because it undergoes facile allylic cleav- 
age to CEiHG + ‘C,H5 fragments. Ethane eliminations 
from E and H were compared for clues as to why alkane 
eliminations are prominent from cycloalkane ions but 
not their acyclic isomers. The competitiveness of ethane 
elimination from E through a complex with simple 
dissociation is probably even stronger than the ob- 
served ratio of 0.73 of the first product to the second 
suggests, as some ethyl loss from E undoubtedly fol- 
lows ring opening. 
Ejection of ethane by a 1,2-elimination from H 
through the complex [CH,CH,CH+CH=CH, ‘CH,CH,] 
would require isomerization of the ionic partner, or H 
transfer might occur by migration of the ethyl to the other 
end of the ion; these factors may reduce ethane elimina- 
tion horn H relative to E. However, ionized 4-methyl-2- 
hexene, which could achieve a 1,2-elimination of ethane 
through the complex [CH3CH==CHCCHCH3 ‘CH,CH,] to 
form a stable diene ion, eliminates ethane only 3.5% as 
often as it loses ethyl [5], so it is not the relative initial 
locations of the CC bond cleavage and the H abstracted 
that produce the low abundance of the alkane loss from H 
relative to E. Excess energy would be absorbed by degrees 
of freedom in proportion to their number, reducing the 
frequency with which energy is concentrated in the coor- 
dinate for separating the partners. However, this could 
not produce the different abundances of ethane elimina- 
tion between E and H, as those ions have the same 
number of degrees of freedom. 
As with other alkane eliminations [4], the differences 
between the AEs for ethane elimination and simple 
dissociation by ethyl loss (Table 1) from both E (10 kJ 
mol-i) and H (2 kJ mol-I) are small. Larger differences 
than that between the dissociations of E are associated 
with much less abundant alkane eliminations [4a, d]. 
The small differences between the AE(-ethyl) and 
AE(-ethane) demonstrate that the threshold for the 
latter is not well below that of competing processes and 
so that difference does not contribute substantially to 
the abundance of the ethane eliminations from E. The 
small differences between the AEs for simple dissocia- 
tion and alkane elimination from both E and H also 
show that differences between forces of attraction be- 
tween the initial partners are not the origins of the 
substantial difference between the degrees of ethane 
elimination from E and H. 
The AEs for the ethyl losses are close to predicted 
values (Table l), so those dissociations take place with- 
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Figure 1. (A) First differential PIE curves for the losses of ethane 
(m/z 68) and of ethyl (m/z 69) from ionized ethylcyclopentane. 
Note the broad energy range over which elimination of ethane is 
substantial. (B) The same curves for dissociations of ionized 
trans-3-heptene. 
out significant reverse critical energies. The differences 
between the AEs for ethyl and ethane losses just de- 
scribed are much smaller than the differences between 
the heats of formation of the corresponding products 
(98 kJ mol-’ for E, 107 kJ mol-’ for H; Table 1). The 
heats of formation of the corresponding dissociation 
products of interest from E and H are within 10 kJ 
mol-’ of each other (Table l), so thermochemical dif- 
ferences are not the origin of the much more abundant 
ethane elimination from E than from H. The similarity 
of the AEs for ethane elimination to those for the ethyl 
losses together with the AEs for ethane elimination 
being substantially above the corresponding thermo- 
chemical thresholds (Table 1) demonstrates that those 
AEs are set by the threshold for bond dissociation to 
form the intermediate complexes [6] and/or barriers to 
H transfer [2a, c, 4b] rather than the stability of the 
products. 
The curve obtained by taking the first differential of 
the PIE curve for an ion provides the dependence of the 
formation of that ion on the internal energy in the 
dissociating precursor [8]. First differential PIE curves 
for ethane elimination from E and H (Figure 1) demon- 
strate th,at both processes occur over a wide energy 
range, although the first differential curve for ethane 
loss from E quickly reaches a plateau while that for H 
rises continuously. The latter would be unusual for a 
complex-mediated process-these are typically most 
important not far above threshold [4e]. However, the 
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Figure 2. First differential PIE curve for the elimination of 
methane from ionized acetone. Note the narrow energy range over 
which the process is prominent. 
proximity of the AE for ethane elimination from H to 
that for simple dissociation suggests that at least a 
portion of that process is complex mediated, as there 
are usually much more substantial barriers to concerted 
eliminations than to complex-mediated eliminations [9]. 
The elimination of ethane from H over a similar energy 
range but in low abundance may reflect some isomer- 
ization of H to E prior to the dissociation of the former. 
Formation of C,Hl’ from H through C,Hz by loss of H 
{ AHf(CH,=CHCH=CHCHl’) = 905 kJ mol-‘; AHf(H 
= 218 kJ mold* [lo]) would begin more than 300 kJ 
mol-l above the threshold for forming C,H,f 
( AHf(CH#H-CH+CH,CH,) = 810 kJ mol-’ [lo]), so 
two step dissociation does not contribute to the forma- 
tion of CsH,f’ in the energy range covered by the PIE 
curves. Whatever the mechanisms of ethane elimination 
from H, there is much more complex-mediated H 
transfer, and therefore much more formation of an 
intermediate complex, from E than from H. 
Abundant ethane elimination over at least several 
hundred kJ mole1 above its threshold is the major 
reason that this process is so prominent in the mass 
spectrum of E. This broad energy range contrasts 
sharply with the low abundance of and narrow energy 
range over which most previously characterized alkane 
eliminations occur [2a, 4a-d], for example, the 20 kJ 
mol-’ that encompasses the major fraction of the meth- 
ane eliminations from ionized acetone (Figure 2). 
Present work reveals that complex-mediated reactions 
are not always confined to a narrow energy range just 
above their thresholds. The question now becomes: 
why is energy so much less effective in driving the 
partners from one isomer apart than from another? 
Butane Eliminations fvom n- and sec- 
Butylcyclohexane Ions 
To obtain further information on the effect of the nature 
of the partners, the formations of &Hz’, C,H;, C,H&, 
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Table 2. Abundances of the products of dissociation of ionized 
butylcyclohexanes 
Precursor 
&H,,-n-&H,(N) 50 18” 19” 100 82 
12 5a 2a 100 62 
C,H,,-set-C,H, (S) 50 28” 5” 100 63 
12 2a 100 64 
Cd, ,-~-CA (T) 50 100 54 17 13 
12 100 30 25 9 
“Has contributilons from ions formed from the ring. 
All spectra were obtained on a Fourier transform mass spectrometer. 
and C6H& from ionized n-butyl (N), set-butyl (S), and 
tert-butyl (T) cyclohexanes were characterized. Due to 
some distinct features resulting from the charge being 
localized to the butyl rather than the cyclohexyl, most 
data for T are discussed separately below. Ion abun- 
dances are given in Table 2. Products of alkane elimi- 
nation are the most abundant ions in all of the complete 
spectra at both high and low electron energies, except 
for N C,H& is second in abundance to m/z 55 at 50 eV. 
AE(C,H:,) is only about 27 kJ mol-’ higher than 
AE(C,H$) for N and no different for S and T (Table 3). 
Furthermore, for T AE(C,Hl’) = AE(C,Hc). Thus, as 
with E, the importance of these alkane eliminations is 
not caused by the thresholds for the alkane eliminations 
being much lower than those for competing simple 
dissociation. 
These AE differences further demonstrate that the 
forces of attraction in complexes with cyclic partners are 
no greater than they are in complexes that eliminate 
alkanes over a narrow energy range. Therefore, alkane 
eliminations from ionized alkylcycloalkanes are not 
enhanced due to stronger binding forces in the interme- 
diate complexes. 
For N and S, also as with E and H, the differences 
between the AEs for simple dissociations and those for 
the related alkane eliminations are much smaller than 
the 75-80 kJ mole1 differences between the heats of 
formation of the corresponding products (Table 4). 
Complexes containing cyclohexyl ions would be 
formed fr’om N and S because that location of the 
charge gives the lower energy pair (Table 4). However, 
since cyclohexyl ions are quite labile [12], they might 
ring open such that they are no longer cyclic in com- 
plexes. Our experiments do not directly address this 
possible confounding issue. However, cyclohexyl ions 
containing appreciable excess energy are stable to 
isomerization in the gas phase, with an activation 
energy for isomerization of 31 ? 4 kJ mole1 [13a]. This 
isomerization is to the 1-methylcyclopentyl ion, so even 
if it occurred, the complex would still contain a cycloal- 
kyl partner. Direct evidence that the cyclohexyl ion 
undergoes little ring opening in one complex is that 
ionized phenoxycyclohexane dissociates at least 95% to 
cyclohexene [13b]. The more extensive eliminations of 
alkanes from cyclic versus acyclic isomers (e.g., E vs. H) 
requires a difference between the dissociating species 
formed from the two types of precursors, and preser- 
vation of the cyclic structures in intermediate com- 
plexes is the most obvious possibility. 
The effect of energy content on the competition 
between simple dissociation and alkane elimination in 
complexes containing cyclic partners was further ex- 
plored by obtaining first differential PIE curves for N, S, 
and T (Figures 3 and 4). These curves reveal that, as 
with elimination of ethane from E, the alkane elimina- 
tions were dominant over a wide range of ion internal 
energies. Thus this is a general feature of these reac- 
tions. Simple dissociation only became comparable to 
alkane elimination about 200 kJ mol-’ above threshold, 
demonstrating further that excess energy is not very 
effective in dissociating the intermediate complexes 
under consideration. 
Reorientation in Complexes Containing a Cyclic 
Partner(s): H Transfer from Aromd the Ring 
We hypothesized that one reason alkane eliminations 
from ionized alkylcycloalkanes are so abundant is that 
rotation of the cyclic partner relative to the alkyl one in 
a complex [14] does not remove the system from a 
reacting configuration. If our hypothesis is correct, 
hydrogen transfers would be observed from positions 
other than those adjacent to the site of substitution if the 
partners rotate freely relative to each other and hydro- 
gen shifts are facile in the ionized cyclohexyl partner, as 
they are within the cyclopentyl ion [12, 151. The extent 
of non a-hydrogen transfer could indicate the extent of 
reorientation of the partners in the complexes relative to 
each other, thereby providing a test of our hypothesis. 
Therefore we labeled the alpha positions of N, S, and T 
with deuterium and determined the mass spectra of the 
labeled compounds (Table 5). After correction for in- 
complete isotopic labeling (Table 6), the D/H transfer 
ratios were slightly above (0.69 for N) to several times 
Table 3. Measured and predicted ionization energies and appearance energies a for the products of dissociation of ionized 
butvlcvclohexanes 
,  I  - 
P , recursor IE AH,(nc- eutrall . , . . I 
C,H,,-n-&H, (N) 925 -213.3 967 (<909) 
C,H,,-see-C,H, (S) 916 -215.2 977 (<909) 
C,H,,-t-C,HS ITI 916 -229.0 944 (<950) 
C,H,” CA-G G-4-G Q-T, 
994 (<990) 
977 (<989) 
944 ( <987) 933 (<923) 933 (<970) 
aValues are in kJ mol-‘. The values in parentheses are appearance energies predicted from 298 K heats of formation (see Table 4 for product heats 
of formation) in combination with an estimated thermal correction factor of >30 kJ mol-’ [71. 
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Table 4. Thermochemical data” 
Ion Neutral Neutral Ion 
Combinations 
A B C D A+C B+D 
c-Q-4 I 733 77 n-C,H, 74 849 807 926 
set-C,H, 71 766 804 843 
tert-C,H, 46b 694b 779 788 
&J-h, 858 -4.6 n-W-4, -126 889 732 884 
i-C,H,O -134 885 724 880 
c-C&, 828 -123 1 -C,H, -0.4 924 828 801 
E-2-&H, -12 866 816 743 
i-&H, -17 874 811 751 
aFrom ref IO. 
blmproved values for terf-C,H,+ and tert-C,H, have recently been published [181. However, for consistency, all values are taken from ref 10. 
Bold values represent the dominant products of the two possible combinations. 
(2.7 for T) statistical (0.57). Because isotope effects 
would reduce D transfer, the actual preference for a-H 
transfer may be somewhat stronger than the data indi- 
cate. However, isotope effects are typically not large in 
50 eV electron impact mass spectra, the electron energy 
at which the preceding ratios were obtained. The sub- 
stantial transfer of non-alpha hydrogens demonstrates 
L 
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Figure 3. First differential PIE curves for the losses of butyl (m/z 
83) and butane (M/Z 82) from ionized butylcyclohexanes. (A) 
n-Butylcyclohexane. (B) set-Butylcyclohexane. (C) tert-Butylcyclo- 
hexane. Note the broad energy range over which the alkane 
eliminations occur, and how they dominate the alkyl losses up to 
fairly high energies. 
that there was reorientation of the partners before 
alkane elimination. This is consistent with our hypoth- 
esis that the ability of the partners to reorient and still 
be in a reactive configuration contributes to making 
alkane eliminations from ionized alkylcycloalkanes 
prominent processes. Previous work suggests that 
movement of partners out of a reacting configuration 
reduces the frequency with which partners react with 
each other versus dissociating [16]. This reduction can 
happen rapidly with straight chain partners when the 
reactive sites are displaced from the centers of mass of 
the partners [16a]. Thus, both partners being cyclic may 
enhance alkane elimination even more than does the 
presence of a single cyclic partner. 
Transannular H transfer by cyclooctyl cations in 
cyclooctyl ion-4-pyridyloxy radical complexes has been 
reported [17]. It is noteworthy that at 9.5 eV, complex- 
mediated double hydrogen transfer produced almost 
50% of the total ionization in the spectrum of this 
compound, a complex-mediated process in which both 
I .  .  .  .  
10 11 12 
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Figure 4. First differential PIE curves for the losses of cyclohexyl 
(m/z 57) and cyclohexane (m/z 56) from ionized tert-butylcyclo- 
hexane. Again, note the broad energy range over which cyclohex- 
ane elimination occurs. Curves for the corresponding ions from 
n-butyl and set-butylcyclohexane are not given as the latter were 
of low abundance and uncertain origin. 
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Table 5. Origins of H transfers in complexes from butyl-2,2,6,6-D,-cyclohexanes 
CeH,D,-n-C,Hs (N) 
CaH,D,-set-C,Hs (S) 
CaH,D&ert-C,Hs (T) 
eV C,H,+’ Cc&l C,H,D;’ CeHeD:’ CeW: 
50 79 (55)” 80 100 
12 97 (71) 86 100 
50 100 (84) 71 100 
12 93 (JO) 100 84 
50 100 55 5 (4) 7 4 
11 100 29 13 (IO) 8 3 
‘Values in parentheses are corrected for incomplete isotopic labeling based on data in Table 6. 
partners are cyclic. Similarly, cyclohexane elimination 
strongly dominates the 70 eV mass spectrum of cyclo- 
hexylcyclohexane [5], another species that would yield 
a complex with two cyclic partners. 
To determine whether the position of the hydrogen 
abstracted significantly affected the energy range over 
which alkane elimination was important, we deter- 
mined first differential PIE curves for formation of 
C,H,D:’ and C,H,D:’ from N-D, (Figure 5). The curve 
for D transfer rose more quickly from threshold than 
that for H transfer, and declined somewhat more rap- 
idly at higher energies. This suggests that on average 
slightly more energy is required for the butyl group to 
reach and abstract the more distant hydrogens on the 
cyclohexyl ring. The energy range over which transfer 
of non-a-hydrogens occurs reveals fully that the part- 
ners are able to reorient as well as react with each other 
over a wide energy range before being driven apart. 
Alkane Eliminations from Ionized 
tert-Bu tylcyclohexane-Violation of the Most 
Stable Products Rule 
Surprisingly, T dissociates 4-6 times more often (Table 
2) to the higher energy (Table 4) C,Hi’ + C,H,, than to 
the more stable C,H& + C,Hia. This product distribu- 
tion is not caused by a reverse critical energy barrier 
because for T, AE(C,H&) is lower than AE(C,Hl’), as 
predicted from heats of formation (Tables 3 and 4). 
Dominant formation of higher energy accessible prod- 
ucts in the dissociation of a complex [lb] or in a mass 
spectral fragmentation in general is highly unusual [19]. 
Ionized isobutylcyclohexane, which has the same choice 
of products as T although with hydrogen and hydride 
transfer gi.ving the opposite products, decomposes to 
Table 6. Isotopic compositions of labeled butylcyclohexanes 
D, D, D, D, DA CeHsD;‘/C,H,D,” 
n-Butyl 67 20 9 4 0.45 0.26 
set-Butyl 73 17 8 2 0.47 0.26 
tert-Butyl 64 26 7 2 0.27 0.39 
Isotopic compositions of the labeled compounds based on the abun- 
dances of the peaks near the molecular ions. Data in the last column are 
included to provide a basis for evaluating isotopic exchange prior to 
dissociation. The smaller ratios in the last column than in the next to 
last column are attributable to generation of C,H,D, ions from 0, 
precursors. 
C,H& twice as often as to C,Hl’, i.e., the opposite 
alkane elimination is preferred to that from T when the 
same choice of products is available [5]. Thus the 
dominant alkane elimination in T is selected by some- 
thing other than the stability of the products. In T, the 
charge would be on the tert-butyl rather than the 
cyclohexyl in the intermediate complex because that is 
the lower energy arrangement (Table 4). This is sup- 
ported by the stronger formation and lower AE of C4Hc 
than of C,H:, from T (Table 2). The dominant formation 
of C4Hsf’ from T also demonstrates that alkane elimina- 
tions from ionized cycloalkanes are abundant irrespec- 
tive of the location of the charge. 
The experimental values of AE(C,H&) and AE(C,Hl) 
are about 30-40 kJ molli below the values predicted from 
published heats of formation [lo]. No reason for this 
discrepancy was identified. 
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Figure 5. First differential PIE curves for the losses of C,H,, 
(m/z 86) and C,H,D (m/z 85) from ionized n-butylcyclohexane- 
2,2,6,6-D,. The raw C,H,Dd’ curve was corrected by reducing the 
intensity of each point by 30% of the C,H,D:’ intensity (not 
shown) at the same photon energy based on the isotopic compo- 
sition of N (Table 6) and by 6.6% of the C,H,D:. intensity for i3C 
contributions (Table 6). The raw C,H,D,f’ curve was reduced by 
13% of the C,H,D,f’ intensities to correct for contributions of 
isotopic impurities. This curve was then further corrected by 
assuming that H transfer in the D, precursor would be 25% greater 
than in the D, precursor and that there was only 30% as much of 
the D, precursor. This attributes the contributions of isotopic 
impurities to the C,H,D:’ curve to 0.25 X 1.25 = 0.375 of the 
corrected C&I&: curve, and the C,H,Dl’ curve was accordingly 
further corrected. 
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Table 7. Abundances” of alkane eliminations and alkyl losses 
from ionized cycloalkanes and alkanes 
Compound Ion abundances 
Ethylcyclopentane 
3-Ethylpentane 
2,2,3-Trimethylbutane 
n-Butylcyclohexane 
C,H;. 
GNd, 
C,H,f’ 
C,H,t’ 
CeH:d 
tert-Butylcyclohexane 
2,2,3-Trimethylheptane 
4-Propylheptane 
11 C&L 15 
15 Q-G 15 
14 U-G 22 
2.7 C,H,+ 0.8 
13 C&G 22 
27 Cd-,t 19 
4 Q-G 3.5 
16 &J-G 34 
10 U-G 3 
2-methylbutane are also important for at least 150 kJ 
mol-l above their thresholds [21b], and similar energy 
dependencies of alkane eliminations are observed up 
through ionized n-octane [21c]. Ethane losses from 
ionized ethylnonane isomers are as important as ethyl 
losses over an energy range of more than 240 kJ mol-’ 
[21d]. It is probable that a common feature allows alkyl 
and cycloalkyl-containing complexes to remain in asso- 
ciation such that extensive H transfer takes place over a 
broad energy range. 
aValues given are peak intensities as a percentage of total ion abun- 
dance (%Z) derived from spectra in ref 5. The spectra were obtained at 
70 eV ionizing electron energy. 
Formation of C,H&’ from a complex with the charge 
on the butyl would require a hydride transfer, so the 
dominant formation of C4Hsf’ implies a strong prefer- 
ence for H to be transferred between the partners as an 
H atom rather than as a hydride ion. Consistent with 
this, H-atom transfer is the dominant alkane elimina- 
tion from N and S and nearly all other alkane elimina- 
tions reported to date from cation radicals [2-41. Previ- 
ous workers have noted that proton transfers are more 
favorable than H-atom transfers in complexes [20], 
suggesting the following order of preference for hydro- 
gen transfers between radicals and cations: proton > H 
atom > hydride, a preference that is not totally deter- 
mined by relative thresholds. 
Interestingly, despite C,H& from T being thermo- 
chemically favored and having a lower AE, the forma- 
tion of C,,H& from T was the most dominant of any of 
the alkane eliminations from N, S, and T at higher 
energies (Figures 3 and 4). Possibly the large number of 
identical hydrogens available for transfer from the 
tert-butyl ion further enhances this alkane elimination. 
The substantial transfer of non-alpha hydrogens in 
forming cyclohexene ions from T is surprising, because 
much less isomerization of a cyclohexyl radical than of 
a cyclohexyl ion would be expected. Those transfers 
demonstrate that reorientation and H abstraction from 
around the cyclohexyl ring also occur in complexes 
formed from T, suggesting that part of the time the 
charge is on cyclohexyl in the complex [C,H& ‘C,H,]. 
Factors that Affect the Abundance of Alkane 
Eliminations 
Multiple factors determine the extent of H-transfer- 
alkane elimination, making it a challenge to isolate the 
effects of each. Present work establishes that energy is 
not effective in separating the partners when one is a 
cycloalkyl-why is this so? Alkane eliminations from 
ionized acyclic alkanes are also very abundant (Table 7) 
and occur over wide energy ranges [4e, 211. Methane 
eliminat:ion from ionized propane is important over an 
energy range of more than 150 kJ mol-l [21a]. Methane 
and ethane eliminations from ionized H-pentane and 
The fraction of configurations that permit H transfer 
relative to all possible configurations could be one 
distinguishing factor between ionized alkane and other 
alkane-eliminating ions. Our labeling experiments 
show that in ionized alkylcycloalkanes rotation of the 
cycloalkyl partner in the complex does not as readily 
remove the partners from a reacting configuration as it 
does when the partners are acyclic, that is, the fraction 
of the configurations available to the complex from 
which reaction can occur is larger when a partner is 
cyclic. This should enhance reactions involving cyclic 
partners. Partners can also move around and transfer 
hydrogens from different sites along alkyl ions [4e, 17a, 
21d]. Thus, the ability to abstract hydrogen from differ- 
ent sites on an ion may also help make alkane elimina- 
tions prominent, although the ability to remain near the 
site of H transfer can be more important [16a, 20d]. 
The ability to eliminate alkanes over a wide energy 
range distinguishes ionized alkanes and cycloalkanes 
from complexes formed from molecular ions containing 
functional groups, complexes from the latter typically 
being intermediates only in a narrow energy range near 
the threshold for simple dissociation. For example, 
methane elimination from the complex [CH,CO+ ‘CH,] 
is confined to a very narrow energy range (Figure 2), a 
range at least 7.5 times narrower than that over which 
ionized propane eliminates methane [21a]. It is also 
possible that reorganization of the incipient fragments 
imparts some relative translational energy to the frag- 
ments in functionalized ions causing the fragments to 
part before they can react with each other. This seems 
feasible because energy released during dissociation of 
ionized n-butane to a secondary propyl ion and methyl 
radical drives these fragments apart more rapidly than 
they can react with each other [4e]. Finally, we speculate 
that alkyl partners may be “loose” relative to ions contain- 
ing rigid regions derived from functional groups such that 
in collisions between them vibrational energy is much less 
readily converted into translational energy than in com- 
plexes in which bond scission forms a stiff section in the 
partner. Whatever the reason, we conclude that inefficient 
conversion of vibrational energy into relative translational 
energy produces the abundant eliminations of small al- 
kane molecules from ionized alkanes and cycloalkanes. 
Experimental 
Photoionization efficiency curves were obtained on a 
mass spectrometer constructed to make such measure- 
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ments [22]. First differential curves were obtained from 
the experimental data using a Fourier transform filter 
for smoothing with the program HORIZON (Star Blue 
Software, Inc.) before derivatives were taken [4f, 8b]. A 
IO-point filter was used for the acetone data (Figure 2) 
and a 15-point filter for all other data presented in the 
figures. Spectra for the butycyclohexanes were obtained 
at room temperature on an Extrel FTMS-1000 Fourier 
transform mass spectrometer. 
Butylcyclohexanes were prepared by addition of the 
appropriate alkyllithium to cyclohexanone to form the 
1-alkylcyclohexanols, conversion of these to the bro- 
mides with PBr, followed by reduction with the 
appropriate tributyltin hydride. The labeled butylcy- 
clohexanes were prepared similarly starting from 
cyclohexane-2,2,6,6-D,. 
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